Root exudates are plant metabolites secreted from the roots into the soil. These exudates are involved in many important biological processes, including acquisition of nutrients, defense and signaling to rhizosphere bacteria, such as isoflavones of soybean crucial for the symbiosis with rhizobium. Less is known, however, about other types of root exudates. This study shows that soybean roots secrete large amounts of soyasaponins (triterpenoid glycosides) as root exudates. The soyasaponins are classified into four groups, with group A being the most secreted of these compounds, whereas DDMP (2,3-dihydro-2,5-dihydroxy-6-methyl-4H-pyran-4-one) soyasaponins is the group showing greatest accumulation in root tissues, suggesting a selection system for secreted compounds. Time-course experiments showed that the soyasaponin secretion peaked during early vegetative stages. In particular, soyasaponin Ah was the major compound secreted by soybean roots, whereas the deacetylated derivative Af was the major compound secreted specifically during the VE stage. The secretion of soyasaponins containing glycosyl moieties is an apparent loss of photosynthates. This phenomenon has been also observed in other legume species, although the composition of secreted soyasaponins is plant species dependent. The identification of triterpenoid saponins as major metabolites in legume root exudates will provide novel insights into chemical signaling in the rhizosphere between plants and other organisms.
Introduction
Plants have a sessile lifestyle, remaining where they germinate. Plant roots function as anchors, and are also responsible for uptake of nutrients and water from the soil. Moreover, plant roots are involved in various interactions with other living organisms in the soil. Plant roots release a variety of metabolites into the surrounding soil area, which is called the rhizosphere.
Roots also protect plants against the many bacteria, fungi and herbivores present in soils, by, for example, secreting antimicrobial phytoalexins. In contrast, metabolites secreted by plant roots, called root exudates, are signals by which plants communicate with beneficial microorganisms in soil, e.g. metabolites secreted by legume plants communicate with rhizobia. Metabolites secreted by roots consist mainly of carbon-based compounds, including low molecular weight compounds, such as amino acids, organic acids, sugars, phenolics and other specialized metabolites, as well as high molecular weight compounds such as polysaccharides and proteins (Badri and Vivanco 2009, van Dam and Bouwmeester 2016) . Root exudation of these organic compounds represents a considerable carbon loss to the plant, with about 5-21% of all photosynthetically fixed carbon being transferred into the rhizosphere through root exudates (Marschner 1995) .
The large carbon loss to plants indicates the physiological and biological importance of root exudates. Among the biologically important functions of root exudates are the chelation of insoluble mineral nutrients, signaling to beneficial microbes and defenses against microbes, a group of compounds known as allelochemicals (Massalha et al. 2017) . For example, mugineic acid, an amino acid derivative secreted by some monocot plants such as rice, enables the solubilization of insoluble forms of iron in soil, making them available to plants (Dakora and Phillips 2002) . Flavonoids such as daidzein and genistein secreted by the roots of legume plants are involved in interactions with rhizobia, plant growth-promoting rhizobacteria (PGPR), mycorrhizal fungi, pathogens, nematodes and other plants (Hassan and Mathesius 2012, Sugiyama and Yazaki 2014) . In addition, strigolactones, a group of apocarotenoids present in the root exudates of various plant species (Rani et al. 2008) , activate the hyphal branching of arbuscular mycorrhizal fungi (Akiyama et al. 2005) , as well as stimulating the seed germination of parasitic weeds (Bouwmeester et al. 2003) . Despite these important findings, few systematic studies have attempted to assess the chemical diversity, dynamics and functions of root exudates in the rhizosphere.
Soybean (Glycine max), one of the most important legume crops, secretes several primary metabolites such as sugars and organic acids (Tawaraya et al. 2014) , and mono-, oligo-and polysaccharides (Timotiwu and Sakurai 2002) , into the rhizosphere. Isoflavones are crucial compounds by which soybean plants establish symbiosis with Bradyrhizobium japonicum via the induction of nod genes (Kosslak et al. 1987 , Smit et al. 1992 . Isoflavone secretion from soybean roots was recently shown to be developmentally regulated to maintain the rhizosphere environment (Sugiyama et al. 2016 , Sugiyama et al. 2017 . Recent progress in analytical technologies has led to our investigation of the diversity of specific metabolites in soybean root exudates. We found that soybean roots secrete large amounts of triterpenoid saponins, i.e. soyasaponins.
Soyasaponins, commonly found in legume plants, are composed of soyasapogenol (aglycone) and oligosaccharide moieties. They are generally classified into four subgroups depending on their aglycone (sapogenin) structures, with soyasaponin groups A-E being the glycosides of soyasapogenols A-E, respectively; and group DDMP soyasaponins being the glycosides of soyasapogenol B, consisting of C-22 chains bound to DDMP (2,3-dihydro-2,5-dihydroxy-6-methyl-4H-pyran-4-one) residues (Table 1 ) (Shiraiwa and Kurosawa 2001) . Several studies have described the biosynthesis and distribution of these compounds in legume plants (Shimoyamada et al. 1990 , Shiraiwa et al. 1991 , Kurosawa et al. 2002 , Shibuya et al. 2010 , Sayama et al. 2012 , Yano et al. 2017 , with legume saponins suggested to act as allelochemicals (Leshem and Levin 1978 , Miller 1983 , Oleszek and Jurzysta 1987 , Waller et al. 1999 . To date, however, no definitive study has clarified the root exudation of soyasaponins.
In the present study, we performed detailed investigations of the secretion of soyasaponins from soybean roots using a hydroponic culture system and liquid chromatographytandem mass spectrometry (LC-MS/MS). We found that soybean roots selectively release particular saponin molecules into root exudates, depending on their growth stages. We also evaluated soyasaponins in root exudates of other legume plants, i.e. Lotus japonicus, alfalfa (Medicago sativa) and pea (Pisum sativum), to show that soyasaponin exudation is a ubiquitous phenomenon in legume species.
Results

Identification of soyasaponins in soybean root exudates
During a thorough LC-quadropole-time of flight mass spectrometry (LC-QTOF-MS) analysis of isoflavone profiles in soybean root exudates, we observed a strong peak on the total ion chromatogram (TIC) at a retention time of 8.02 min (Fig. 1A) . Although we expected that this peak would correspond to an isoflavone, such as daidzein or genistein, it did not show clear UV absorption at 254 nm (Fig. 1B) , which is characteristic of isoflavones due to absorption by aromatic rings. In contrast, a peak at a retention time of 6.19 min showed UV absorption at 254 nm (Fig. 1B) and was identical to a standard specimen of daidzein (Fig. 1C) . A second peak, at a retention time of 6.97 min, corresponded to the isoflavone genistein, which is also present in soybean root exudates. Further analysis was therefore required to identify the compound at 8.02 min in the TIC. Assessment of the averaged TOF-MS spectrum from the entire peak at 8.02 min (retention time from 7.92 to 8.15 min) found that m/z 943.5272 corresponded to a major protonated monoisotopic ion (Fig. 1D) (Fig. 1E) , which was almost identical to the strong peak observed in the TIC. The MS/MS spectrum of this metabolite showed a characteristic fragmentation pattern (Fig. 1F) (Fig. 1F) . These assignments indicated that this metabolite was a triterpenoid saponin, probably a type of soyasaponin, a group of major triterpenoid saponins in legume plants, including soybean. Assessments of the type of soyasaponin with a molecular formula equivalent to that obtained from the unidentified peak at 8.02 min indicated that soyasaponin Bb, also known as soyasaponin I (Table 1) , was the most likely candidate. Comparison with a standard compound showed that the strong peak at 8.02 min was soyasaponin Bb, based on matches of retention times, masses of the molecular ions and MS/MS spectra (Fig. 1G, H ).
Soyasaponin contents in soybean root exudates at different growth stages
We next investigated whether soyasaponins, including soyasaponin Bb, were present in root exudates throughout the growth stages of soybean. Compounds, including soyasaponins, soyasapogenols (aglycones) and isoflavones, were analyzed in root exudates at different growth stages (Supplementary Table S1 ; Supplementary Fig. S1 ). The growth stages are indicated as follows: vegetative stages are indicated as V, where 1-week-old seedlings are VE, plants aged 3 and 5 weeks are represented as V3 and V7; and plants in reproductive stages (R) after flowering at 7 and 9 weeks are shown as R4 and R6, respectively. Soyasaponins in root exudates were identified by comparison with standard specimens when possible, or estimated by the MS/MS data based on characteristic fragmentation patterns, including dehydrated aglycone peaks and aglycone peaks without sugar residues, as well as retention times ( Supplementary  Figs. S9, S10) .
We detected a variety of soyasaponins in the soybean root exudates, throughout all plant growth stages ( Fig. 2A, B) . Although the amount of secreted soyasaponins per plant peaked at the V3 stage ( Fig. 2A) , the amount secreted per dry weight of root tissue peaked at the VE stage (Fig. 2B) . Group A soyasaponins (mainly the acetyl forms, soyasaponin Ab and Af) were predominant during V3 and V7 stages, whereas group B soyasaponins (mainly soyasaponin Bb) were predominant at other stages ( Fig. 2; Supplementary Fig. S1 ). A very different pattern of soyasaponin components was observed at the VE stage, with higher secretion of deacetylsoyasaponin Af, and soyasaponins Ab and Bb ( Supplementary Fig. S1A ). In contrast, only trace amounts of DDMP saponins and their sapogenins were detected in root exudates throughout soybean development ( Fig. 2; Supplementary Fig. S1 ).
To compare the composition of soyasaponins in root exudates with those inside plant tissues, the contents of soyasaponins in roots and leaves were analyzed. In contrast to findings in root exudates, the most predominant soyasaponin in both roots and leaves from V3 to R6 stages was soyasaponin bg, a DDMP saponin (Supplementary Figs. S2, S3) . At these stages of plant growth, DDMP saponins accounted for approximately 90% and 70% of total soyasaponins in leaves and roots, respectively.
The saponin contents in roots and leaves were dependent on the soybean growth phase. The total soyasaponin content in roots was highest at the VE stage, followed by the V3 stage, but remained relatively low at V7 to R6 stages (Fig. 3A) . In leaves, soyasaponin contents peaked at the V3 stage, but remained constant at other stages (Fig. 3B) . Saponin composition at the VE stage differed from that at other growth stages. The proportion of DDMP saponins in roots and leaves was smaller at the VE stage than at other stages, whereas the proportions of group E saponins (mainly soyasaponin Be) in roots and of group B saponins in leaves were higher at the VE stage than at other stages (Fig 3A, B ; Supplementary Figs . S2, S3). Soyasaponin ba, with an oligosaccharide moiety (arabinose) differing from that in soyasaponin bg (galactose), was the most abundant DDMP saponin in leaves at the VE stage ( Supplementary Fig. S3A ). The soyasaponin composition in roots at the VE stage was similar to (Figs. 2, 3A) , except for differences such as the ratios of deacetyl group A (especially deacetyl Af), group E (especially Be) and DDMP saponins ( Supplementary Figs. S2A, S3A) .
Analysis of soyasaponin contents in soybean seeds showed specific distributions and compositions, with the total contents of soyasaponins being approximately 10-fold higher in hypocotyls than in cotyledons (Fig. 3C) . Moreover, DDMP and group A saponins were the main forms of soyasaponins in hypocotyls. The proportion of group B saponins was higher, while the proportion of group A saponins was lower, in cotyledons than in hypocotyls. Soyasaponin contents were lower in seed coats than in cotyledons and hypocotyls.
To assess how each compound is likely to be released from roots into the root exudates, we calculated the secretion ratios, as defined in the Materials and Methods, for representative soyasaponins and sapogenins at each soybean growth stage. We found that group A and group B saponins were probably secreted from roots into root exudates, whereas group E soyasaponins (Be) and DDMP saponins were not (Fig. 4A) . The secretion ratios of soyasaponins were high (approximately 1-5%) during vegetative stages (VE to V7). Acetylated group A soyasaponins (Ab, Af and Ah) showed the highest secretion ratio at the V3 stage, whereas the ratios of secretion of deacetyl soyasaponin Af and the group B saponins (Bb, Bc and Ba) peaked at the VE stage.
For comparison, we also analyzed developmental changes in the contents of isoflavones (daidzein, genistein, glycitein and their glucoside/malonylglucoside derivatives) in soybean tissues and root exudates. The amount of isoflavones secreted per plant from soybean roots peaked at the R4 stage ( Supplementary Fig.  S4A ), whereas the amount secreted per dry weight of root tissue peaked at the VE stage, similar to soyasaponins (Supplementary S4B ). During vegetative stages, isoflavone aglycones were the most predominant forms, whereas at reproductive stages, the percentages of malonylglucosides and glucosides were higher than those of aglycones. In roots and leaves, malonylglucosides were the predominant forms of isoflavones ( Supplementary Fig.  S5 ). These data are consistent with our previous results (Sugiyama et al. 2016) .
Soyasaponin secretion and content in different legume plants
To determine whether soyasaponin secretion is specific to soybean or occurred in other legume species, we analyzed soyasaponin secretion and contents in root exudates and tissues of three other legume plant species, L. japonicus, alfalfa (M. sativa) and pea (P. sativum). Similar to soybean, the roots of these plants secreted similar levels of soyasaponins into hydroponic medium; however, the secreted compounds were species specific (Fig. 5) . The major saponins secreted by L. japonicus were deacetylated group A saponins (mainly deacetyl Ae), followed by group B saponins (soyasaponin Bb) ( Fig. 5A; Supplementary Fig. S6A ). The compositions and contents of soyasaponins were similar in the roots and leaves of L. japonicus, with group B (soyasaponin Bb) and deacetylated group A (deacetyl Ae) saponins being predominant, followed by group E and DDMP saponins ( Fig. 5A; Supplementary Fig. S6B, C) .
Soyasaponins in the root exudates of alfalfa plants consist primarily of group B (mainly soyasaponin Bb) and group E (soyasaponin Be and its analogous compounds) saponins ( Fig. 5B; Supplementary Fig. S7A ), with compositions in the roots and leaves of these plants being somewhat similar ( Fig. 5B; Supplementary Fig. S7 ). Root exudates of pea plants contained mostly group B saponins, but also included group E and group A saponins ( Fig. 5C; Supplementary Fig.  S8A ). Pea roots and leaves contained mainly group B saponins (primarily soyasaponin Bb), along with DDMP saponins (primarily soyasaponin gg) as minor components ( Fig. 5C ; Supplementary Fig. S8B, C) .
DDMP saponins were absent from the root exudates of all four species of legume plants tested here. Furthermore, acetylated group A saponins were not detected in the root exudates or tissues of these legume plants, except for trace amounts in the root exudates of pea plants.
Discussion
Root exudates contain various specialized metabolites, which may play a variety of important roles in the rhizosphere. Few studies to date, however, have comprehensively analyzed the root exudates of legume plants. Our thorough analysis of the hydroponic culture medium of soybeans found that saponins were a predominant class of molecules in root exudates. Saponins are a large group of specialized metabolites widely distributed throughout the plant kingdom (Vincken et al. 2007 , Augustin et al. 2011 , Faizal and Geelen 2013 , Moses et al. 2014 . Although plants were thought to secrete saponins from their roots, there were no experimental data showing that saponins were secreted in root exudates. The avenacins, a class of triterpenoid saponins that act as specialized antifungal metabolites, were thought to be released from oat (Avena strigosa) roots, as these saponins are synthesized and stored within root tissues (Moses et al. 2014) . It was therefore unclear whether the release of these compounds from root tissues represents active or simple diffusion. Thin-layer chromatography of the hydroponic culture medium of shallot (Allium cepa) revealed several bands regarded as saponins (Vu et al. 2012) . Soyasapogenols, which are aglycones of soyasaponins, have been identified in the root exudates of sericea lespedeza (Lespedeza cuneata) and common vetch (Vicia sativa) as stimulants of seed germination of parasitic plants (Lynn 1985 , Evidente et al. 2011 , whereas the glycoside forms of these compounds were not detected in these exudates.
In this study we used a hydroponic culture system, because it is suitable for the recovery and chemical analysis of root exudates, while it may be different from field-grown conditions. The similarities of root exudates between hydroponically grown and soil-grown plants such as maize are, however, reported, where thorough metabolomics analysis was done in both conditions and a similar range of root exudates was detected in both systems (Oburger et al. 2013 , Pétriacq et al. 2017 ). For isoflavone secretion from soybean roots, our previous studies also support the adequacy of hydroponic culture for the study of root exudates (Sugiyama et al. 2016 , Sugiyama et al. 2017 ).
The present study showed that large amounts of soyasaponins are secreted by soybean roots in a molecule-specific manner, which is unlikely to be simple seepage of stored compounds in root tissues. This phenomenon was not limited to soybean plants, but was observed in several other species of legumes, although the saponin compositions of root exudates are specific to plant species. The synthesis-and structure-dependent release of soyasaponins from the roots into hydroponic medium was also investigated in detail. To our knowledge, this is the first report describing the presence of soyasaponin in legume root exudates, as well as the first showing detailed profiles of saponin exudation from plant roots.
We also found that soybean root exudates contained large amounts of group A saponins, especially acetyl forms. This was interesting, inasmuch as these saponins were thought to be present only in hypocotyls of soybean seeds (Shimoyamada et al. 1990) . In contrast to the root exudates, DDMP saponins were the main soyasaponins detected in root and leaf tissues at V3 to R6 stages. The soyasaponin composition of root exudates at the VE stage, especially the high ratio of group E soyasaponins, differed greatly from that at other growth stages. The former may be due to the relative abundance of group E saponins (especially soyasaponin Be) inside root tissues at the VE stage. Unlike at other stages, the saponin composition in root exudates at the VE stage reflects the soyasaponins in root tissues at this VE stage, despite DDMP being undetectable in root exudates. The group A saponins present in leaves at the VE stage may not have been newly synthesized in the unexpanded first leaves, but may have been derived from the greenish cotyledons (see 'Metabolite extraction' in the Materials and Methods).
The analysis of root exudates of the three other legume species, L. japonicus, alfalfa and pea, suggested that the specific saponin composition in root exudates is species specific. Unlike in soybean, however, the soyasaponin compositions of roots and leaves of these plant species did not clearly differ. In contrast to soybean, DDMP saponins were not the predominant forms in the tissues of L. japonicus, alfalfa and pea. Moreover, acetylated group A saponins were not detected in the root exudates or tissues of these three legume species, except for a small amount in the root exudate of pea.
In contrast to DDMP saponins, which were not found in root exudates of all legume plants tested in this study, group A saponins, which, like DDMP saponins, are modified at the C-3 position, can be released from soybean roots. In addition, the secretion ratios of soyasaponins differed by growth stages in soybean plants, in that group B and deacetylated group A (deacetyl Af) saponins were prominent at the VE stage, whereas acetylated group A saponins (Ab, Af and Ah) were predominant at the V3 stage. These findings suggest that root cells contain a sorting mechanism, which selects saponin molecules for secretion based on their structures and/or growth stages, despite lacking a clear preference for structural features or oligosaccharide moieties of each group of soyasaponins. Nevertheless, the relative abundance of saponins in root exudates does not correlate with their relative abundance in root tissues.
Soyasaponin Bb, a representative group B soyasaponin, occurs widely and abundantly in root exudates of the legume plants tested in the present study, and its content in tissues is generally high. The amount of this compound in soybean root exudates was especially high during the VE stage, along with soyasaponin Ba and Bc, while their contents were markedly reduced after the V3 stage. These group B soyasaponins, along with the group A deacetylsoyasaponin Af, are the main constituents of VE stage exudates.
Several mechanisms responsible for the exudation of plant metabolites have been proposed (Weston et al. 2012) . Although isoflavones and strigolactones are transported by particular ATP-dependent transporters at plasma membranes (Sugiyama et al. 2007 , Kretzschmar et al. 2012 , no specific transporters of saponins, especially at plasma membranes, have been identified to date. The selective and developmentally controlled secretion of soyasaponins from legume roots may affect their below-ground environments and activities of soil macro-and microorganisms. The evident secretion of soyasaponins shown in this study suggests that these compounds may have specific biological and ecological roles, including antimicrobial effects, chemical signaling and surfactant activity, which may enhance the function of bioactive compounds and/ or alter the rhizospheric environment. It is, however, noteworthy that the behavior of compounds in soil is different among chemicals, e.g. oxidative susceptibility, adhesive properties to soil particles, cleavability of glycoside linkage, etc. The present study provides a model study of root exudate from soybean in hydroponoic culture. Futher studies of these secreted saponins are necessary, including investigations of the dynamics and function of these natural detergents in soilgrown or field-grown environments.
Materials and Methods
Plant materials and growth conditions
Soybeans were cultured hydroponically as described (Sugiyama et al. 2016 ). The soybean cultivar Fukuyutaka was used for the preliminary analysis of soybean root exudates ( Fig. 1; Supplementary Fig. S1 ), and the cultivar Enrei was used for the main analysis throughout plant growth. All seeds used in this study were purchased from Nikko Shubyo, except for one seed cultivar (cv. Enrei), which was obtained from Tsurushin Shubyo. Lotus japonicus Gifu B-129 was provided by the Japanese National BioResource Project (http://www.legumebase.brc. miyazaki-u.ac.jp/). Seeds were surface sterilized with 70% ethanol for 1 min, diluted 5-fold with Kitchen Heiter TM (Kao Corp.) for 15 min, and rinsed 4-5 times with sterile water. These seeds were sown in vermiculite swollen with water and grown for 7 d at 25 C. Soybean (Enrei) seedlings were rinsed with water, transferred to a hydroponic culture system and grown in 500 ml plastic containers filled with mineral nutrient medium, containing 0.28 mM MgSO 4 , 0.6 mM KNO 3 , 0.084 mM KCl, 0.13 mM KH 2 PO 4 , 0.24 mM Ca(NO 3 ) 2 , 2 mM Fe-EDTA, 4.5 mM KI, 28 mM MnCl 2 , 19 mM H 3 BO 3 , 2.3 mM ZnSO 4 , 0.5 mM CuSO 4 and 0.003 mM Na 2 MoO 4 , pH 6.0. Soybeans for preliminary analysis were transferred to 50 ml plastic tubes filled with water. Seedlings of other legume plants (L. japonicus, alfalfa and pea) were transferred to 5-fold diluted Hoagland solution (Hoagland Modified Basal Salt Mixture, PhytoTechnology Laboratories) in 500 ml glass bottles (alfalfa and pea) or 50 ml plastic tubes (L. japonicus). Plants were grown in a cultivation room set at 25 C with a 16 h light/8 h dark photoperiod, and transferred to new medium weekly. Hydroponic medium was collected after 24 h intervals of culture of plants at different growth stages to assay secreted soyasaponins and isoflavones. Preliminary experiments involved 2-week-old soybean plants (VC stage). Samples were obtained of tissues and root exudates of soybean plants aged 3, 5, 7 and 9 weeks, corresponding to the V3, V7, R4 and R6 stages of soybean growth, respectively (Fehr et al. 1971) . Oneweek-old soybeans (VE stage) were grown in 5 ml plastic tubes. Samples of tissue and root exudates were obtained from 4-week-old L. japonicus and alfalfa plants and from 3-week-old pea plants.
Extraction of metabolites
Whole roots and three expanded leaves from the upper nodes of five soybean plants, four L. japonicus plants, three alfalfa plants and three pea plants were collected for metabolite analysis. The entire aerial parts of L. japonicus were sampled as leaves because of their small sizes. At the VE stage of soybeans, each sample consisted of four replicates, with leaves containing mixtures of greenish cotyledons and unexpanded first leaves. To analyze seeds, 10 soybean seeds were washed, soaked in water for 30 min, and divided into three parts (cotyledon, hypocotyl and seed coat) with a scalpel and tweezers, with each part washed three times with water. Each tissue sample was frozen in liquid nitrogen and lyophilized. The lyophilized tissues were pulverized at 25 Hz for 1 min with a ball mill MM400 (Retsch) with a zirconium ball 5 mm in diameter. Soyasaponins and isoflavones were extracted from 10 mg samples of powdered tissue with 1 ml of 80% (v/v) methanol using the ball mill at 20 Hz for 5 min. The samples were centrifuged at 3,000 r.p.m. for 10 s, and the supernatants were filtered through DISMIC-13HP 0.45 mm syringe filters (ADVANTEC). The samples were diluted with 80% (v/v) methanol before LC-MS/MS analysis.
Preparation of root exudates
Medium containing soybean root exudates (n = 5) was filtered through 90 mm filter paper (ADVANTEC), and applied to an Omnipore membrane filter (Millipore). Nalgene TM Rapid-Flow TM Sterile Disposable Filter Units (Thermo Fisher Scientific) were used to filter medium containing root exudates of the other legume plants, L. japonicus (n = 4), alfalfa (n = 3) and pea (n = 3). The pH of filtrates was adjusted to 3.0 using diluted HCl, and the filtrates were applied to a Sep-pak C18 Plus short cartridge (Waters). After washing with 3 ml of water, the trapped compounds were eluted with 1 ml of methanol. The eluent was dried by SpeedVac (Thermo Scientific), reconstituted in 500 ml of 50% (v/v) methanol and filtered through a DISMIC-13HP 0.45 mm syringe filter for LC-MS/MS analysis.
LC/MS analysis
In preliminary experiments, root exudates were analyzed using an Agilent Infinity 1200 HPLC system (Agilent Technologies), coupled to an AB SCIEX TripleTOF TM 4600 ESI-Q-TOF high resolution mass spectrometer (SCIEX Pte. Ltd.). The LC system consisted of a 1260 Bin pump, a 1260 Hip Degasser, a 1290 TCC column oven, a 1260 HiP ALS autosampler and a 1290 Thermostat. LC was performed by injecting a 5 ml sample onto a Capcell Core C18 reversed-phase column (100 mmÂ2.1 mm, 2.7 mm; Shiseido) at 40 C. The LC mobile phase consisted of (A) water containing 0.1% (v/v) formic acid and (B) acetonitrile containing 0.1% (v/v) formic acid. The gradient program was isocratic at 1% B, 0-0.1 min; linear 1-99.5% B, 0.1-13 min; isocratic at 99.5% B, 13.1-16 min; and isocratic at 1% B, 16.1-20 min. The flow rate was 0.5 ml min À1 . The instrumental parameters for MS detection included ion source, DuoSpray TM ; ion polarity, positive; IonSpray Voltage, 5,500 V; temperature, 450 C; gas, nitrogen; curtain gas, 25 p.s.i.; ion source gas 1, 50 p.s.i.; and ion source gas 2, 50 p.s.i. An information-dependent acquisition (IDA) method was used, consisting of a TOF-MS survey scan (100-1,550 Da with an accumulation time of 250 ms) and 10 dependent MS/MS scans (50-1,250 Da with an accumulation time of 50 ms). The collision energy was set at 30 V with a collision energy spread of ± 15 V.
Automated calibration was performed using the calibrant delivery system (CDS), which infuses calibration solution between sample analyses. Compounds were identified using PeakView software 2.1, based on accurate mass, isotope pattern and the MS/MS spectrum of detected ions.
LC-MS/MS analysis
Root exudates and tissue extracts were analyzed using a Shimadzu Nexera UHPLC system, coupled to an AB SCIEX TripleQuad TM 4500 triple quadruple tandem mass spectrometer (SCIEX Pte. Ltd.). The LC system consisted of two Shimadzu LC-30AD UHPLC pumps, a SIL-30AC autosampler, a CTO-30A column oven, a DGU-20A5 Degasser and a CBM-20A communications bus module. Samples were separated on a Capcell Core C18 reversed-phase column (50 mmÂ2.1 mm, 2.7 mm; Shiseido) and a Capcell Core C18 guard column (5 mmÂ2.1 mm, 2.7 mm; Shiseido) at 40 C. The LC mobile phase consisted of (A) water containing 0.1% (v/v) formic acid and (B) acetonitrile. The gradient program was isocratic at 10% B, 0-1 min; linear 10-47.5% B, 1-7 min; linear 47.5-85% B, 7-9 min; isocratic at 100% B, 9-10 min; and isocratic at 10% B, 10-11 min. The injection volume of each sample was 5 ml, and the flow rate was 0.5 ml min À1 . The parameters for MS/MS multiple reaction monitoring (MRM) were automatically optimized by directly infusing authentic compounds, at 10 or 100 p.p.b. in 50% (v/v) acetonitrile plus 0.1% (v/v) formic acid, into the electrospray source of the triple quadruple MS using a syringe pump at 6 ml min À1 . Instrumental parameters used for MS detection of soyasaponins, sapogenins and isoflavones included ion source, turbo spray; ion polarity, positive; IonSpray Voltage, 4,500 V; temperature, 400 C; gas, nitrogen; curtain gas, 20 p.s.i.; ion source gas 1, 80 p.s.i.; ion source gas 2, 70 p.s.i.; collision gas, 8 p.s.i.; scan type, MRM; Q1 resolution, unit; and Q3 resolution, unit. For simultaneous analysis of around 40 components, including identified or putative soyasaponins, sapogenins and isoflavones, the scheduled MRM TM (sMRM) algorithm in the Analyst 1.6 Software program (AB SCIEX) was used to set dwell times automatically around the expected retention time for each transition. Final MRM conditions for each compound are listed in Supplementary Table S1 .
Hypothesized structures of soyasaponins in root exudates and tissue extracts
Detected but unidentified soyasaponins lacking commercially available authentic compounds were determined by product ion (PI) scanning. Each precursor ion of the unidentified soyasaponin was detected as a protonated compound (M+H + ), and the MS/MS fragmentation pattern of the precursor ion was analyzed to obtain the structural information needed to determine the identity of the soyasaponins (Supplementary Figs. S9, S10 ). Nineteen soyasaponins were considered probably identical, based on the MS/MS fragmentation patterns and retention times of structurally similar reagents.
Quantification of soyasaponins, sapogenins and isoflavones
Soyasaponins (A1, A2, Aa, Ab, Ba, Bb, Bc and Be), sapogenins (soyasapogenols A and B) and isoflavones (daidzein, genistein, glycitein, daidzin, genistin, glycitin, malonyldaidzin, malonylgenistin and malonylglycitin) were quantified based on 50% (v/v) methanolic calibration curves obtained using MultiQuant TM Software (AB SCIEX). Each estimated compound was approximately quantified according to the curves for soyasaponin A2 (a), soyasaponin Ab (b), soyasaponin Bb (c) and soyasaponin Be (4) (Supplementary Table S1 ).
Secretion ratio
The secretion ratio (%) of each metabolite was calculated as the amount in the root exudate (mol) divided by the amount in the root (mol).
Chemicals
Daidzein and daidzin were purchased from Tokyo Chemical Industry. Malonyldaidzin, genistein, malonylgenistin and malonylglycitin were purchased from Wako Pure Chemical Industries. Genistin and formic acid of LC-MS grade were purchased from Sigma-Aldrich. Glycitein was purchased from Nagara Science and glycitin from Abcam Biochemicals. Soyasaponins Ba and Bb and soyasapogenols A and B were purchased from Tokiwa Phytochemical. Soyasaponins Bc, Be, A1 and A2 were purchased from AnalytiCon Discovery, and soyasaponins Aa and Ab from Indofine Chemical Company. Acetonitrile and methanol of HPLC grade were purchased from Kanto Chemica. All water used in these experiments was Milli-Q water (Merck Millipore).
